This study was designed to evaluate the histological and behavioral impact of fetal neural transplantation with and without neurotrophin infusion in rats subjected to traumatic brain injury using a clinically relevant model of lateral fluid-percussion brain injury. Adult male Sprague-Dawley rats received lateral fluid-percussion brain injury of moderate severity (2.1-2.3 atm). Twenty-four hours after injury, minced fetal cortical grafts (E16) were stereotactically transplanted into the site of injury cavity formation (in 32 rats). Ten control animals received injections of saline. A third group of 29 animals that received transplants also underwent placement of a miniosmotic pump (immediately after transplantation) to continuously infuse nerve growth factor (NGF) directly into the region of graft placement for the duration of the experiment. A fourth group of eight animals underwent transplantation of fetal cortical cells that had been dissociated and placed in suspension. Animals were evaluated at 72 hours, 1 week, and 2 weeks after injury for cognitive function (using the Morris water maze), posttraumatic motor dysfunction, and transplant survival and morphology (using Nissl and modified Palmgren's silver staining techniques). Robust survival of whole-tissue transplants was seen in 65.6% of animals and was not increased in animals receiving NGF infusion. Animals receiving transplants of cell suspension had no surviving grafts. Brain-injured animals receiving transplants showed significant cognitive improvements compared with controls at the 2-week evaluation. Significantly improved memory scores were seen at all evaluation times in animals receiving both NGF and transplants compared with injured controls and compared with animals receiving transplants alone at the 72-hour and 1-week evaluations. Neurological motor function scores were significantly improved in animals receiving transplants alone and those receiving transplants with NGF infusion. Histological evaluation demonstrated differentiation of grafted cells, decreased glial scarring around transplants when compared with control animals, and the presence of neuronal fibers bridging the interface between graft and host. This study demonstrates that fetal cortical cells transplanted into the injured cortex of the adult rat can improve both posttraumatic cognitive and motor function and interact with the injured host brain.
The use of various growth factors to modify the microenvironment after transplantation has been shown to improve graft survival and function. [13, 30, 41, 56] After experimental brain injury in rats, nerve growth factor (NGF) receptors have been shown to decrease, [27] whereas NGF infusions have recently been shown to improve cognitive outcome. [43] The histological correlates and cellular mechanisms that underlie these improvements have yet to be identified.
The lateral fluid-percussion model of brain injury in the rat results in well-characterized outcomes that reproduce many components of human head injury. [11, 29, 36] Previous studies have demonstrated that fetal neural transplants survive when grafted in the acute posttraumatic period in this injury model. [48] In the present study we hypothesized that fetal neural grafts transplanted into rats that had undergone fluid-percussion brain injury might result in an attenuation of cognitive and neuromotor deficits. The possibility that NGF infusion might improve the graft survival and further impact behavioral outcomes was also evaluated.
MATERIALS AND METHODS

Surgical Procedures
Experimental Paradigm. Seventy-nine male Sprague-Dawley rats, each weighing between 350 and 400 g, were anesthetized with 60 mg/kg sodium pentobarbital administered intraperitoneally. The lateral (parasagittal) fluid-percussion model of brain injury used in this study has been described previously. [29] Briefly, a 5-mm craniectomy was performed over the left parietal cortex midway between the lambda and bregma. The injury was delivered after a hollow Leur-loc fitting was cemented to the craniectomy site and the Leur-loc then attached to the fluid-percussion device. All animals received brain injury of moderate severity (2.1-2.3 atm). After injury, the Leur-loc construct was removed and the skin was sutured. Normothermia was maintained with warming pads until the animals began to walk. Brain temperature was not directly monitored because it has previously been shown that use of warming pads maintains normal brain temperature in this model of brain injury. [34] After brain injury, all animals were separated into one of four groups: Group 1 (32 rats) received transplants of minced fetal brain tissue (E16) 24 hours postinjury directly into the site of maximal cortical injury; Group 2 (10 rats) received an injection of saline alone into the site of maximal injury 24 hours after injury; Group 3 (29 rats) received a combination of fetal cell transplants and continuous infusion of NGF beginning 24 hours postinjury; and Group 4 (eight rats) received transplantation of dissociated fetal neuron suspension in the site of maximal injury 24 hours postinjury.
Transplantation Studies. Animals in Group 1 were reanesthetized with 60 mg/kg sodium pentobarbital injected intraperitoneally 24 hours after fluid-percussion brain injury, and a 1-mm burr hole was made 2 mm lateral to the craniectomy site (Fig. 1 upper) . This corresponds to the area of maximal cortical injury seen in this model (Fig. 1 lower) . [5, 48] The dura exposed via the burr hole was then incised with a 26-gauge needle. Simultaneously, a timed pregnant Sprague-Dawley rat (E16) was anesthetized with 60 mg/kg sodium pentobarbital injected intraperitoneally. An abdominal incision was made and a fetus was removed and placed in saline. The fetal brain was dissected and bilateral parietal cortical grafts (1.5 X 1.0 X 0.5 mm) were removed. These transplants were manually sliced into 0.2-mm specimens and aspirated into a glass pipette that had an outer diameter of 0.9 mm to permit entry into the burr hole to a depth of 1.5 mm. The aspirated specimen was then injected into the injured cortex over a period of 30 seconds. Approximately 200,000 to 300,000 cells were delivered using this technique. The total time from removal of the fetus to placement of the transplant was 2 to 4 minutes. The female rats were euthanized after harvesting of the fetal tissue. The brain-injured host animals were allowed to emerge from anesthesia while normothermia was maintained with a warming pad. Animals in Group 2 were prepared in a manner similar to Group 1 up to the point of transplantation. However, rather than fetal tissue, 50 µl of saline was injected into the region of maximal cortical injury with identical protocols to those used for transplantation. Animals in Group 3 were prepared identically to Group 1 animals up to, and including, the transplantation. Miniosmotic pumps (with an infusion rate of 0.5 µl/hour) were filled with infusate 4 to 6 hours before starting the transplantation procedure. A brain infusion cannula was then attached to the pumps and the units were primed in sterile saline at 39°C. Infusate included artificial cerebrospinal fluid (CSF), 0.1 mg/ml rat serum albumin, 25 µg/ml 7S NGF, and 0.05 mg/ml gentamicin. The pumps were implanted subcutaneously in Group 3 animals. The brain infusion cannula was placed stereotactically to a depth of 1.5 mm in the cortex at the site of graft placement immediately after transplantation. The cannula was secured with dental cement and the skin was sutured over the apparatus. The pumps remained in place, providing a continuous infusion of NGF, until animals were euthanized at 72 hours, 1 week, or 2 weeks postinjury.
Group 4 animals underwent injury and preparation for transplantation identical to that for the previous groups. After harvesting the fetal tissue, the cells were placed in a suspension as previously described. [3, 22] Briefly, after removal of cortical grafts from the fetus, the specimens were placed in iced 0.6% D-glucose in saline. The tissue was incubated at 37°C for 20 minutes in 10 ml of the D-glucose solution and 2.5 mg of trypsin. The transplant was then rinsed in D-glucose solution with DNase I (1 mg/10 ml) and transferred to a final volume of 10 µl of the same solution per fetal brain (approximately 1.5 mm 3 cortical tissue per 10 µl of volume). The cells were gently dissociated with a fire-polished Pasteur pipette. Cell viability was confirmed before and after transplantation with ethidium bromide exclusion. For transplantation, 7 µl of the suspension were aspirated into a Hamilton syringe. This volume was chosen to deliver approximately the same volume of tissue (and cell number) used in Groups 1 and 3. The syringe was introduced into the injured cortex at the same coordinates used for Groups 1 to 3. The transplant was injected over a period of 5 minutes and the syringe was slowly removed. Animals in Group 4 underwent histological evaluation of transplant survival 2 weeks postinjury but did not undergo motor or cognitive evaluations. Procedures in all groups were performed under sterile conditions and normothermia was maintained by means of warming pads.
Evaluation of Motor and Cognitive Function
The evaluation of memory and motor function in rats undergoing a fluid-percussion brain injury has been described in detail. [29, 45, 46] All animals received preinjury training for cognitive testing in the Morris water maze, consisting of a circular tank 1 m in diameter filled with water maintained at 18°C. The water surface was made opaque with a covering of styrofoam pieces. During training of the animals a submerged platform was present in the maze. Each rat underwent 20 training trials over a 2-day period prior to injury during which it learned to locate the platform using external visual cues. Immediately after completion of the last training trial, animals were anesthetized and injured as described above.
At 72 hours, 1 week, or 2 weeks postinjury, animals in Groups 1 to 3 were assessed for their ability to remember the learned cognitive task of locating the platform in the Morris water maze. For this evaluation the platform was removed from the maze and the animal's swimming pattern recorded with a computerized video system for 1 minute. The maze was separated into zones that were weighted according to their proximity to the platform. A memory score was generated by multiplying the weighted numbers by the time the animal spent in each zone and then adding these products. [18, 34, 45, 46] Because an animal's cognitive function can only be tested once postinjury using this paradigm, animals underwent Morris water maze testing on the same day they were euthanized.
Animals in Groups 1 to 3 also underwent evaluation of neurological motor function at 72 hours, 1 week, or 2 weeks postinjury using previously described paradigms. [29, 45] All testing was performed by an observer blinded to each animal's treatment. Animals were scored from 0 (severely impaired) to 4 (normal) for each of the following: 1) left and 2) right forelimb flexion during suspension by the tail; 3) left and 4) right hindlimb flexion when the forelimbs remain on a surface and the hindlimbs are lifted up and back by the tail; 5) the ability to resist lateral pulsion to the left and 6) right; and 7) the ability to stand on an inclined plane in the left, 8) right, and 9) vertical positions. For inclined plane scoring animals received a score of 4 by standing at a 45° angle; 3 at 42.5°; 2 at 40°; and 1 at 37.5°. A composite motor score (0-36) was generated by combining the scores for each of these tests.
Group 4 animals did not undergo motor or cognitive testing because there was no demonstration of transplant survival in animals receiving dissociated fetal cell grafts.
Histological Evaluation
Animals from Groups 1 to 3 were euthanized after cognitive testing at 72 hours (23 rats), 1 week (20 rats), 2 weeks (22 rats), or 3 weeks (six rats) postinjury, with an overdose of 200 mg/kg sodium pentobarbital administered intraperitoneally. Group 4 animals (eight animals) were all euthanized 2 weeks postinjury. Animals were perfused with intracardiac heparinized saline followed by 4% paraformaldehyde, then the brains were removed and stored in phosphate buffer until sectioned. All specimens were subsequently cut into 50-µm sections on a vibratome, and Nissl-stained with toluidine blue to evaluate hippocampal cell loss and transplant survival.
Hippocampal CA3 damage was characterized in all animals at two identical regions (one rostral and one caudal hippocampal segment) by a blinded investigator. A score of 0 to 3 was derived for each region, with a score of 3 representing a normal-appearing CA3 region; a score of 2 representing a distinguishable region of cell loss due to a thinning of the pyramidal cell layer; a score of 1 representing a region in which continuity of the CA3 pyramidal cell layer was maintained by only a single cell in at least one portion; and a score of 0 representing a CA3 region in which cell loss was severe enough to completely disrupt the continuity of the pyramidal cell layer in at least one segment. The scores from both the rostral and caudal sections were summed to provide a score of 0 to 6 for CA3 cell survival in each animal.
Two brains from animals in Groups 1 and 3, which had surviving transplants, also underwent a histological evaluation of transplant-host interaction using a modified Palmgren's silver stain. [15, 35] Qualitative evaluation of 50-µm sections was performed using light microscopy.
Statistical Analysis
Memory, motor, and histological scores are ordinal measurements and therefore were evaluated using Kruskal-Wallis analysis of variance (ANOVA) followed by individual Mann-Whitney U tests. A probability value of less than 0.05 was considered statistically significant.
The procedures used throughout this study were approved by the institutional animal care and use committee of the University of Pennsylvania and were performed in accordance with standards published in the Guide for the Care and Use of Laboratory Animals, U.S. Department of Health and Human Services, Publication 85-23, 1985.
RESULTS
Cognitive Outcome
The rats subjected to fluid-percussion injury of moderate severity and treated with intraparenchymal injections of saline after injury (Group 2) demonstrated a significant cognitive deficit that did not differ when the animals were tested at 72 hours, 1 week, or 2 weeks. The stability of memory scores in the Morris water maze in animals undergoing fluid-percussion injury without pharmacological treatment has previously been documented between 48 hours and 2 weeks postinjury. [43, 44] The scores of these brain-injured control animals were combined to create a median memory score of 67 for all injured control animals. Animals that received only fetal transplants (Group 1) demonstrated memory scores that were not significantly different from controls at 72 hours or 1 week postinjury (Fig. 2) . However, by 2 weeks postinjury, brain-injured animals that received fetal transplants alone had memory scores (median of 78) that were significantly better than vehicle-treated brain-injured animals (p < 0.05). Brain-injured animals that received both NGF infusions and fetal cortical transplants differed significantly from injured control (saline-injected) animals and injured animals receiving transplant alone. At all three evaluation times the NGF/transplant animals had significantly improved memory scores (medians of 111, 93, and 102 at 72 hours, 1 week, and 2 weeks, respectively) when compared with controls (median of 67) (p < 0.05). At 72 hours and 1 week postinjury the NGF/transplant animals also demonstrated significantly better memory scores (medians of 111 and 93) than animals receiving transplants alone (medians of 49 and 59) (p < 0.05).
Motor Outcome
The results of transplantation with or without trophic factor infusion on postinjury neurological motor function are shown in Fig. 3 . Injured control animals demonstrated a time-dependent improvement in motor scores from the 72-hour to the 1-week evaluation time and stabilized thereafter. Brain-injured animals receiving fetal transplants alone showed improved motor scores at all evaluation times when compared to injured controls. These differences, however, were statistically significant at only the 72-hour and 2-week evaluation times (p < 0.05). Animals receiving NGF treatment and fetal transplantation had significantly improved motor scores when compared to injured controls at all evaluation times, but these differences were also only significant at the 72-hour and 2-week times. At no time were the motor scores of transplanted animals and NGF/transplant animals significantly different. Fig. 3 . Bar graph showing neurological motor scores of saline-treated, injured control animals, transplant only animals, and transplant/nerve growth factor (NGF)-treated animals at 72 hours, 1 week, and 2 weeks after injury. Asterisk indicates p < 0.05 for transplant only and transplant/NGF-treated animals' motor scores at 72 hours and 2 weeks compared with injured control animals at the same time points. The differences between these groups at 1 week and between transplant only and transplant/NGF-treated animals at any time point were not significant. Numbers of animals per group are shown in parentheses.
Histological Evaluation
Detailed morphological evaluation revealed the characteristic formation of an injury cavity in the left parietal cortex and hippocampal cell loss in the CA3 region in all groups of rats. Scoring of hippocampal CA3 neuronal cell loss was performed in 16 transplanted animals, in 16 transplanted animals with NGF infusions, and in five control animals. Consistent loss of ipsilateral CA3 pyramidal cells was observed in all groups. The median score was 2.9 for transplanted animals, 3.1 for transplanted and NGF-treated animals, and 2.0 for control animals (probability was not significant).
Transplant viability was assessed at sacrifice for all evaluation times. There were no differences seen in the morphology of transplants related to the presence of NGF infusion. At 72 hours postinjury (48 hours posttransplantation) the transplants were best visualized as nests of cells interspersed in regions of host cortical necrosis (Fig. 4A and B) . By 1 week postinjury these nests of transplanted cells were larger but remained quite discrete. By 2 weeks postinjury, the fetal transplants had grown quite large and, in many cases, completely filled the area of injury cavity formation ( Fig. 4D and E) . The normal gliotic lining of the injury cavity (Fig. 4C) was not apparent in such cases and the host and donor tissue could only be differentiated by cell morphology (Fig. 4E) . Transplant survival was evident in 11 (68.8%) of 16 animals receiving transplant alone and in 10 (62.5%) of 16 animals also receiving NGF infusions (p = not significant). Group 4 animals, which received transplants of neuronal cell suspensions, demonstrated no transplant survival when evaluated 2 weeks posttransplantation (zero of eight animals). Silver impregnation staining (modified Palmgren) revealed neural outgrowth both within the transplants and between the host and transplant. At 2 weeks postinjury the neuronal processes stained within the transplant; however, they appeared smaller and less dense than at the 3-week evaluation time (Fig. 5 left  and center) . The presence of neural processes crossing the interface between host and transplant was apparent by 3 weeks postinjury (Fig. 5 right) . 
DISCUSSION
Neural Transplantation to Improve Function
Neural transplantation is a powerful tool to improve our understanding of neural development, plasticity, and responses to various types of injury. A more direct application involves the use of transplantation as a therapeutic intervention for diseases that have responded poorly to other treatments. By placing human
, and graft-host interactions have all been observed in acute and chronic models of spinal cord injury. [23, 37, 38] After transplantation of fetal spinal cord tissue into the injury cavity produced by aspiration in the adult rat spinal cord, both afferents and efferents to and from the graft were identified between 6 and 56 weeks posttransplantation. [23] Anderson, et al., [2] reported improvement in locomotor function in cats that received fetal neural transplants after a spinal cord injury produced by static-load compression. In two cats, a delayed deterioration in locomotor function correlated with active rejection of their grafts. Functional behavioral improvements have also been reported [21] after transplantation using a neonatal rat spinal cord injury model.
In a model of ischemic hippocampal injury, transplantation of fetal hippocampal cells has been shown to improve spatial memory. [31] Fetal grafts from various neural structures were placed in the damaged adult rat hippocampus. Improvements in water maze testing were noted only in those animals receiving grafts that included the fetal CA1 region. Attenuation of memory deficits has also been reported after transplantation of cholinergic cells into the hippocampus of rodents or primates following septohippocampal pathway lesions. [39, 54] 
Neural Transplantation After Traumatic Brain Injury
The extracellular environment of the injured cortex may be hostile to cellular viability during the first 24 hours postinjury. [16, 47] Although transplants are more easily handled when they have been dissociated and placed in suspension, such treatment also exposes each cell to the pathological postinjury milieu. In the present study, the dissociation of fetal cells prior to transplantation resulted in uniform failure of all transplants.
In the absence of transplanted cells, the evolution of the fluid-percussion-induced injury cavity and glial scar, which is quite resistant to the passage of axonal processes, occurs unimpeded. [4, 5, 19, 47] Previous studies have shown that transplantation of fetal cells 2 to 4 weeks postinjury, in this same model of brain injury, results in transplants that appear to be enclosed by the glia limitans and do not survive. [48, 49] Studies demonstrating survival and appropriate migration of Purkinje cells transplanted into adult animals lacking normal Purkinje cells also suggest that a window may exist during which an organism may permit ingrowth of fibers or cells that are attempting to replace a missing cell type. [50, 51] It is possible that the transplantation of fetal neural cells in our model at a somewhat later time (2-3 days postinjury) would still be within this hypothesized time window.
Initial studies using the fluid-percussion model of brain injury in rats have suggested that fetal transplants could attenuate hippocampal CA3 cell loss in the injured adult brain. [48] These observations raise the question of the ability of fetal transplants to improve cognitive deficits that normally occur after fluid-percussion brain injury. In the present study, we observed improvements in the cognitive deficits of brain-injured animals following transplantation of fetal cortical tissue only at 2 weeks postinjury. Because the cognitive deficits present after fluid-percussion brain injury appear to relate to hippocampal cell loss, [18, 44] transplants of hippocampal cells (or less-differentiated stem cells) rather than cortical cells may have resulted in further improvements. [7, 20, 26, 31, 39, 49, [54] [55] [56] 58 ] Future studies will examine this hypothesis.
Neurological motor function in brain-injured animals receiving fetal transplants was significantly improved compared with control animals. To our knowledge, this is the first study to demonstrate such an effect in an experimental model of traumatic brain injury. Similar improvements observed in rodents who received transplants after undergoing frontal cortex aspiration lesions have been attributed to the presence of diffusible factors. [6] The results of our histopathological analysis using silver staining suggest that transplanted cells in this model begin to differentiate and send processes across the boundary between transplant and host. Most prior work in cortical transplantation posttrauma has focused on aspiration or chemical-induced models of injury. These studies have elegantly shown anatomical and electrophysiological connectivity between host and transplant. [8, 14, 33, 40, 42] How these changes compare with transplant development in a more clinically relevant model of brain injury should be further evaluated.
Role of Nerve Growth Factor
Fetal neural transplants in cortical lesion models demonstrated survival and resulted in early improvements in neurological function. [6, 24, 53] These improvements do not appear to be related to the presence of host/donor synaptic activity but rather to the production of soluble factors. [25] Although these benefits are not long-lasting, they provided evidence that manipulation of the neurotrophic environment could impact neural function after brain injury. Subsequent work using neurotrophic factor infusion paradigms has confirmed this hypothesis. [17, 43] Using the lateral fluid-percussion brain injury model, we have recently demonstrated improvements of memory scores with infusions of NGF alone. [43] Animals receiving only NGF infusions after brain injury did not show cognitive improvement until 1 week postinjury, compared to the improvement in memory scores observed in the present study at 72 hours postinjury in animals receiving fetal transplants in addition to NGF infusion. These data suggest that there may be synergistic effects between the fetal cell transplants and the neurotrophic factor infusion with respect to early improvements in cognitive behavior after fluid-percussion brain injury. No increased transplant survival or differences in axonal outgrowth in animals receiving NGF infusion were observed.
Evaluation of neurological motor tests was not different in injured animals with fetal transplants compared to injured animals receiving both fetal transplants and NGF administration. Whereas NGF has been shown to enhance survival of motor neurons in some circumstances, [57] these results suggest that the attenuation of motor dysfunction in animals receiving fetal transplants may be related to the release of other trophic factors, such as brain-derived neurotrophic factor, which may specifically interact with motor neurons. [12] 
CONCLUSIONS
The present study demonstrates that fetal cortical neural cells can survive, begin to differentiate, and interact with the host brain when transplanted into a cortical lesion produced by means of the clinically relevant model of fluid-percussion brain injury in the rat. There are no detrimental behavioral effects from the transplant, and early synergistic effects may be triggered by adding NGF infusion. Further studies documenting the long-term histological and behavioral outcomes in this model are warranted because neural transplantation may offer the best chance for substantial functional recovery after traumatic brain injury.
